Abstract-The doubly salient mechanical structure and switching characteristics of switched reluctance motor (SRM) led to torque ripple, low dynamic performance and other problems when using conventional control algorithm in speed control method. In view of the fractional PID control algorithm has strong robustness and advantage of fuzzy control, and it does not depend on the precise mathematical model, the paper proposed a control algorithm based on fuzzy fractional order PID torque control algorithm. On the basis of fuzzy rules, using this control algorithm to adaptive SRM torque control, and using speed deviation and deviation changing rate as its input, the SRM turn torque ripple is smaller by changing proportional coefficient, integral order and differential order of the fuzzy inference adaptive fractional order PID controller. The simulation results indicate that the control algorithm is feasible, torque ripple of switched reluctance motor is smaller, dynamic response is better.
INTRODUCTION
As a new speed control system, the Switched reluctance motor (SRM) has more advantages: such as simple structure and rugged, low cost, reliable, control flexible, high efficiency, etc. Thereby it has more applications in equipment of high-power and harsh environment, such as mining, oil, textile machinery, fans, pumps, planer [1] , etc. In these cases, the advantages of SRM have been plated to reduce the cost and improve the efficiency greatly.
The Switched Reluctance Drives (SRD), consists of SRM, power converter, controller and detector, has more advantage than the AC and DC transmission system. The SRD is a kind of new speed control and drive system which is developed in the 1980s, which has widely speed control range, excellent speed performance and it has a high efficiency at whole process of speed control range with high reliability. Recently, The SRD technology has becoming a hot spot research and development [2] .
Because of the doubly salient mechanical structure and switching characteristics of switched reluctance motor (SRM), it needs a long time to run in saturation to get the maximum output torque, thus, it leads to its electromagnetic showing much high non-linear. When the conventional PID control algorithm using for speed control, due to the structure and parameters are changing in the whole system, the fixed parameter PID controller is difficult to obtain the desired performance index. Because of some shortcomings: such as large torque ripple and torque unsmooth, the application of the fixed parameter PID controller at high-precision speed control occasions has been confined. For now, in order to improve the performance of SRM, more and more scholars begin to study intelligent control algorithm in SRM to improving its control strategies. A lot of work has been performed to study intelligent control algorithm application in SRM to make it easier to be applied in micro-control system [3] .
Reference [4] completing the single neuron adaptive controller by the self-learning and adaptivity neurons to control the SRM. The controller could adjust controller parameters immediately by on-line identification to system through BRF network. The experiment results showed that the algorithm has more advantages of high accuracy, good dynamic performance and good adaptive ability. However, the algorithm cannot be used widely because of the large amount of calculation and complicated steps. Reference [5] , using the algorithm combined with fuzzy control and neuron PID, the simulation result shows that the algorithm has good dynamic performance and the anti-jamming performance is better than conventional PID control algorithm. But the shortcoming is smaller control accuracy.
Reference [6] , the author put the iteration learning control method into torque control of SRM.
By the iterative correction control parameters, that control method could get the inhibit torque ripple effect of SRM. However, the control method can only be used in low speed conditions because of the low efficiency.
Reference [7] , the author used current double amplitude chopper control method to control the speed of the SRM. The experiment results showed that this method could reduce noise when the SRM work in low speed. But the method is limited to suppressing torque ripple.
For the strong coupling, nonlinearity and uncertainty characteristics of SRD, utilizing the advantage of flexible structure、strong robustness and adaptive fuzzy algorithm of fraction PID control algorithm [8] , this paper presents a composite algorithm which depends on complex control algorithm with fractional PID control and fuzzy control according to actual project needs, a fuzzy reasoning table is proposed. That composite algorithm establishes the fuzzy reasoning table and changes proportionality coefficients、 integral and derivative order of the fractional order PID controller, using speed deviation and deviation rate as the fuzzy controller input to control speed of switched reluctance motor.
II. MATHEMATICAL MODEL OF SWITCHED RELUCTANCE MOTOR a. Operating Principle of SRM
The SRM has essential difference compare with the normal motor not only from the structure but also the operation mechanism. For example, the device structure of the SRM with 12 stators and 8 rotors is shown in figure 1 .
In figure 1 , the stators and rotors of SRM are made from silicon steel sheet overlying the alveolar shape, so make up a double salient structure. There are concentrated windings around the teeth on the stator and the windings radially spaced could form each phase reliably. While on winding and no permanent magnet on the rotor and the number of stator and rotor is not equal [9] . The switch reluctance motor and the stepper motor have the same principle, it is electrical pulses driving the stator so that the stator rotate and it is according to the reluctance minimum path theory (RMPT).
The RMPT is flux along with the smallest path of reluctance closed at any time. According to that theory, the centerline axis of rotor salient always aligned with the ce nter line flux which is generated by stator of conduction phase, it is called reluctance minimum position [2] , because of this trend, the effective electromagnetic torque can be generated by SRM. Thus the rotor rotation at a reasonable logical energized for windings, and changing the energized sequence the rotor can be reversal.
b. Mathematical Model of SRM
According to the fundamental theorem, the each phase formula as following (1) :
Here u k and R represent voltage and winding resistance in K-phase motor winding, respectively, while i k and ψ k represent current and flux in K-phase, respectively.
When building a mathematical model of SRM, ignoring the mutual inductance characteristics in each phase, so that the flux is expressed as following equation (2)
Here L k is equivalent inductance while it is function about angle  and current i k (  and i k represent angle between the stator and rotor and stator current respectively.). In order to simplify (3) and (4)
In equation (3) and (4):
J is the moment of inertia of motor;
T e is the electromagnetic torque of motor respectively; T L is the load torque of motor.;
W is the total magnetic energy,
The Switch Reluctance Motor is the K-phase motor.
Because of the equivalent inductance mathematical model is a nonlinear function, so the SRM mathematical model with nonlinear and time-varying characteristics. The major parasitic problem is torque ripple when the conventional linear control algorithm is used for speed control system of Switch Reluctance Motor [10] .
III. FUZZY FRACTIONAL ORDER PID ALGORITHM a. Fractional Order Controller
With the development of modern technology and computer application technology, the theory of Fractional order controller can be described by fractional differential equations. These systems that can be described by fractional model and they can be regarded as fractional order control system. From controlling theory of fractional order, closed-loop control system consists of four categories [11, 12] : integer order controller and integer order controlled targets, integer order controller and fractional order controlled targets, fractional order controller and integer order controlled targets, fractional order controller and fractional order controlled targets. App lication of fractional calculus in PID controller can enhance controlling performance it is better than traditional PID controllers, significantly [13] . Theoretically, fractional order controller can be used to control targets with any orders, the traditio nal PID controller is just special case of fractional order controllers. controller can be express equation (5):
The time-domain output signal u(t) can be express equation (6):
It is similar with integer order PID, in equation (6):
λ is the order of integration ; μ is the order of differential.
The traditional integer order PID controller is a special case of fractional order PID controller when fractional order PID controller is λ = 1 and µ = 1. When λ = 1 and µ = 0, it is a integer order PI controller; when λ = 0 and µ = 1, it is a integer order PD controller; when λ = 0 and µ = 0, it is a integer order P controller, as shown in figure 4(a). Thus it can be seen which all of these types of PID controllers are special cases of fractional order PID controller [15] . Differently, the parameter values of fractional order PID controller are not on the fixed point, but on the P-I-D plane discretionarily, as shown in figure 4(b). Grünwald-Letnikov definition [17] . In practical supplication, which definition fractional derivative can be used that is depends on different situation.
This paper selects the GL(Grünwald-Letnikov) fractional calculus definition：
in equation (7): at D  is the fractional calculus operator;  is the calculus order, meanwhile, it could be a real number;  and t represent the bounds of the fractional operators,
According to the GL fractional calculus definition, discretize the equation (6) [16] , the fractional order PID expression is gotten as shown in equation (8):
T s is the sampling time; Incremental fractional order PID algorithm can be shown in equation (9):
It has a higher historical memory compare with equation (9) and classic incremental PID algorithm, because of the differential order μ and integral order  . Choosing a reasonable parameter, the fractional order PID algorithm will get better robustness.
c. Fuzzy Fractional Order PID Algorithm
Because of its technical features, such as serious nonlinearity, variable structure and parameters, it is difficult to establish the precise mathematical model of the SRM. It could not obtain ideal performance indicators using the conventional fixed parameter PID control method with various control strategies. The order of integral and differential can be extended to any real number in Fuzzy control method is a way of intelligent control method that it is used in the control engineering application widely. It is a kind of nonlinear control strategy essentially and is not depend on exact mathematical model of controlled object. It could obtain better control effect at nonlinear, time-varying, time-delay or variable structure control objects by the fuzzy control method, especially at the switched reluctance motor which is very difficult to be established the exact model. In recent years, more and more research and application have been acquired about fuzzy control method.
Combined with fractional proportional PID controller and fuzzy control logic, the fuzzy fractional PID controller can be created. It has characteristics of intelligent inference and nonlinear, particularly the PID controller based on fuzzy logic self-tuning parameters. It could obtain better control effect at complex control objects when it is used for some complex control object which is difficult to be modeled [18] .
[19] completed fuzzy fractional order PID control algorithm to fuzzy reasoning through fuzzy inference's proportional coefficient K P 、integral coefficient K I and differential coefficient K D and regulated the weight of each aspects.
This paper achieve the fuzzy fractional order PID control algorithm by choosing proportional coefficient K P 、integral order λ and derivative order μ to complete fuzzy reasoning. The principle diagram of fuzzy fractional order PID controller is shown in figure 5 . Both deviation and deviation rate are as the input of fuzzy reasoning, and proportional coefficient、integral order and derivative order as the output of fuzzy inference, the controller object can be controlled by passing these three parameters to the fractional order PID controller. According to the reference [20] and the analysis conclusions [21] [22] of fractional order PID controller in the frequency domain, which indicates: the system adjust time is shorter and response is more sensitive when the proportional coefficient K P increase, but too big K P could lead to larger system overshoot even shock. The smaller integral order λ can be obtained the smaller overshoot and the larger static error if the λ is between 0 and 2. The larger λ can cause the system has a larger lag and even shock, although it will be reduce the static error. The larger differential order μ lead to overshoot smaller and it is sensitive to noise of system. Summarize three factors for the system, using deviation and the rate of deviation as input, this paper designed appropriate fuzzy rules and finished fuzzy control fractional order PID control algorithm.
According to the system characteristic of SRM, the membership function of deviation and deviation rate e  defined in this paper can be shown in figure 6 . the domain of deviation and deviation rate total are {negative large, negative middle, negative small, zero, positive small, positive middle, positive larger}, and by letter can be shown in {NB, NM, NS, ZO, PS, PM, PB}. 
The control variable is a fuzzy variable that is obtained from the fuzzy reasoning decision and it
is cannot be used to control the controlled object directivity. We should adopt some reasonable approach to convert the fuzzy amount into precise amount, this processing is called defuzzification: that is make the fuzzy set mapped to mapped accurately output which is output of inference system.
For defuzzification, the algorithm in this paper is same to classical algorithm compare proposed algorithm, so it is do not need to explanation [23] [24] [25] .
This algorithm process as follows:
(1) Initialization parameters. The initial values of proportional coefficient, integral coefficient and differential coefficient are set by conventional PID control algorithm. The integral order and derivative order are set to 1.
(2) The system starts running, obtained deviation e and deviation e  of the system. And through the fuzzy reasoning, the parameters ΔK P 、Δλ and Δμ can be derived.
(3) From equation (9), output of fractional PID is obtained. Finally, the algorithm process skips to step 2.
In this paper, the four-phase simulation system of SRM has been established by Matlab/Simulink, as shown in figure 8 . Where the SRM is four-phase and 8/6 classes, the switches are IGBT. The inner ring is current chopping mode and it is needs a constant turn-on and turn-off angle. By repeating debugging, the paper select turn-on angle is 30°and turn-off angle is 50°at last. And this paper established current chopping automatic control system through current negative feedback.
IV. SIMULATION RESULT AND ANALYSIS a. Step Response of the Three Algorithms
In this paper, the controlled object is a SRM with 4kw power and rated current is 25A, rated voltage is 110v and moment of inertia is 0.002kg· m 2 , saturated inductance 3500μH, unsaturated inductance 300μH, circuit resistance of 100 m .
Proportional coefficient, integral coefficient and differential coefficient are total determined by conventional PID algorithm. The parameters of the fractional PID algorithm parameters are based on the parameters of the conventional PID algorithm. In parameters setting function with tuning differential order and integral order, the parameters are:
respectively. The initial parameters of fuzzy fractional order PID control algorithm is based on fractional order PID algorithm parameters, and the self-tuning of K P ,  and μ is on the base of the fuzzy rules.
The simulation results of the step response by three algorithms at SRM speed control system can be shown in figure 9 by Matlab. About the torque ripple, the contrasting results of the fuzzy fractional order algorithm in this paper, the conventional PID algorithm and the fractional order PID algorithm are shown in figure   10 . Due to the switching characteristics of SRM, a good control algorithm to reduce the current fluctuation is necessary, so that the interference and impact of power grid can be reduced. From figure 12 , the current ripple is bigger in conventional PID algorithm, but the fractional PID algorithm can reduce the current fluctuations. In this paper the fuzzy fractional algorithm is superior to other two kinds of algorithm, and it is improve the safety of the system, significantly.
In conclusion, the Matlab simulation result indicate: compared with the conventional PID control algorithm and the fractional order PID control algorithm, the fuzzy fractional order algorithm in this paper has better overshoot and adjustment time performance, etc. And the torque ripple, flux pulsation and current fluctuations can be reduced, significantly. This algorithm is a kind of effective control algorithm and it can obtain better control effect.
V. CONCLUSIONS
In this paper, the effect of SRM speed control is analyzed and simulated through fuzzy fractional order PID algorithm. Compared with conventional PID algorithm and fractional PID algorithm, the results validate it greatly improves the speed quality of SRM, and it has more advantages:
better robustness and faster adjustment time, smaller overshoot and smaller torque ripple.
It is a research hotspot that the fractional calculus is used in traditional automatic control field.
With the development of the study and application, fractional Order Controller will become a highlight in the field of control. The fuzzy fractional order PID controller which has very good robustness and adaptability will be obtain the widespread application in the systems with parameter uncertainty and the nonlinear systems. Therefore, given the complexity in the fractional control algorithm, optimization algorithm will be studied further so that it can be used for micro-control system.
